This paper investigates the creation of high-density impermeable concrete. The effect of the "cement, fly ash, and limestone" composite binders obtained by joint grinding with superplasticizer in the varioplanetary mill on the process of structure formation was studied. Compaction of structure on micro-and nanoscale levels was characterized by different techniques: X-ray diffraction, DTA-TGA, and electron microscopy. Results showed that the grinding of active mineral supplements allows crystallization centers to be created by ash particles as a result of the binding of Ca(OH) 2 during hardening alite, which intensifies the clinker minerals hydration process; the presence of fine grains limestone also leads to the hydrocarboaluminates calcium formation. The relation between cement stone neoplasms composition as well as fibrous concrete porosity and permeability of composite at nanoscale level for use of composite binders with polydispersed mineral supplements was revealed. The results are of potential importance in developing the wide range of fine-grained fiber-reinforced concrete with a compressive strength more than 100 MPa, with low permeability under actual operating conditions.
Introduction
Concrete on cementitious binder and natural aggregates is widely used as structural material in construction industry. Worldwide, the large-capacity ash waste and crushing of the rocks are generated as a result of activity of the fuel and energy sector and mining industry enterprises. It seems necessary to optimize the processes of concrete mixtures structure formation by using industrial waste. Traditional types of concrete have insufficient properties of gas permeability and vapor permeability. At the same time, it is necessary to improve the strength and deformability quality of composite to achieve fine-grained fiber-reinforced concrete.
Leading scientific schools in the field of building materials science have developed a number of concrete types with enhanced operational properties.
Textile-reinforced concrete is a type of reinforced concrete in which the usual steel reinforcing bars are replaced by textile materials. Materials with high tensile strengths with negligible elongation properties are reinforced with woven or nonwoven fabrics. The fibers used for making the fabric are of high tenacity like Jute, glass fiber, Kevlar, polypropylene, polyamides (nylon), and so forth.
Mechanical properties of high-strength concrete incorporate copper slag as a fine aggregate and concluded that less than 40% copper slag as sand substitution can achieve high-strength concrete comparable to or better than the control mix, beyond which, however, its behaviors decreased significantly [1] [2] [3] .
Glass fiber-reinforced concrete consists of high-strength, alkali-resistant glass fiber embedded in a concrete matrix. In this form, both fibers and matrix retain their physical and chemical identities, while offering a synergistic combination of properties that cannot be achieved with either of the components acting alone.
High-performance fiber-reinforced cementitious composites (HPFRCCs) [4, 5] are a group of fiber-reinforced cement-based composites which possess the unique ability to flex and self-strengthen before fracturing. Strain hardening, the most coveted capability of HPFRCCs, occurs when a material is loaded past its elastic limit and begins to deform plastically. This stretching or "straining" action 2 Advances in Materials Science and Engineering actually strengthens the material. The basis for the engineered design of different HPFRCCs varies considerably despite their similar compositions. For instance, the design of one type of HPFRCC called Engineered Cementitious Composite (ECC) stems from the principles of micromechanics. ECC, also called bendable concrete, is an easily molded mortarbased composite reinforced with specially selected short random fibers, usually polymer fibers [6, 7] . Unlike regular concrete, ECC has a strain capacity in the range of 3-7%, compared to 0.01% for ordinary Portland cement (OPC). ECC, therefore, acts more like a ductile metal than a brittle glass (as does OPC concrete), leading to a wide variety of applications [8, 9] .
Ultrahigh-performance concrete (UHPC) is a new type of concrete that is being developed by agencies concerned with infrastructure protection [10] [11] [12] [13] [14] . UHPC is characterized by being a steel fiber-reinforced cement composite material with compressive strengths in excess of 150 MPa, up to and possibly exceeding 250 MPa. UHPC is also characterized by its constituent material make-up: typically fine-grained sand, silica fume, small steel fibers, and special blends of highstrength Portland cement. Note that there is no large aggregate. The current types in production differ from normal concrete in compression by their strain hardening, followed by sudden brittle failure. Ongoing research into UHPC failure via tensile and shear failure is being conducted by multiple government agencies and universities around the world.
The high-strength self-consolidating (self-compacting) concrete technology is made possible by the use of polycarboxylates plasticizer instead of older naphthalene-based polymers and viscosity modifiers to address aggregate segregation [15, 16] .
Combination of microsilica and nanosilica (colloidal silica) is considered to design high-strength self-consolidating concrete [1, 20, 21] . The results also revealed that 7% substitution of microsilica showed the same effect as 2% nanosilica replacement [1, 22, 23] .
The fiber-matrix interfacial transition zone (ITZ) at nanoscale plays an important role in determining the mechanical performance of hybrid steel-polypropylene fiberreinforced concrete at upper scales. This topic [24] presents the elastic behavior of the ITZ between steel/polypropylene fiber and pure cement paste through nanoindentation for different water/cement ratios.
Thus, the fine-grained structure with high homogeneity is characterized by increase of the integrated strength between aggregate and cement stone and decrease of specific stress in the contact area. Adhesion of sand component increases significantly with increase of contact area; these conditions were realized when creating the fine-grained concrete based on composite binders by using crushed granite from Wrangel deposit (Russian Far East). The aim of the study was to develop the concrete matrix dense structure with high gas, water, and vapor impermeability. Composite binders, obtained by cogrinding of Portland cement, fly ash, crushed limestone, and superplasticizer, have been proposed to achieve this aim. One of the ways to improve the properties of concrete and to reduce permeability parameters is the use of highly active additives of various compositions and genesis at micro-and nanosized levels, which contribute to the optimization of structure formation processes by initiating the formation of hydrated compounds. The efficiency of use of the active mineral additives of nanostructured silicamodifier composition has been proven in topics [1, 20, 21, 23] . The possibility of the permeability reduction of the concrete by mechanically grinding the composite binders components was also studied previously [17] . However, the protective properties (impermeability parameters) and efficiency of high-density impermeable concrete (HDIC) produced on the basis of composite binder were not considered previously.
An assumption about the possibility of HDIC is obtained by varying the amount and type of additives, fineness of the composite binder components, and hardening conditions [18, 25] . The purpose of this work is to improve impermeability and strength characteristics of the fiber-reinforced concrete through use of composite binders obtained by cogrinding of Portland cement, superplasticizer, fly ash of a thermal power station, and crushing screenings limestone.
Materials and Methods
To achieve this goal, the following tasks were completed in this work:
(i) Study of mineral composition, particle size distribution, and physical and mechanical characteristics of the binders components and fillers for concrete
(ii) Research of the effect of mineral and organic additives on the properties of composite binders (iii) Study of the properties of fiber-reinforced concrete, depending on the characteristics of the composite binder taking into account peculiarities of structure formation to improve the impermeability and strength characteristics, research on characteristics of water absorption and gas, water, and vapor permeability of developed concrete, and experimental industrial testing of the proposed compositions
The science work included grinding of composite binder components in a varioplanetary mill. Ordinary Portland cement (OPC), fly ash (FA), limestone crushing waste (LCW), and superplasticizer were used as ground components.
The chemical and mineralogical compositions of the raw materials obtained by means of X-ray florescence (on D8 ADVANCE powder diffractometer from Bruker AXS) are presented in Tables 1 and 2. In the varioplanetary mill, the rotational speeds of the grinding jars and the support disc can be set completely independently. The movement and the trajectory of the grinding balls can be influenced by varying the gear ratio, so that the balls strike horizontally on the inner wall of the grinding jar (by high impact energy), approach tangentially (by high friction), or simply roll over the inner wall of the grinding jar (by centrifugal mills). All intermediate stages and combinations between pressure friction and impact can be freely set ( Figure 1 ). Accordingly, grinding by the varioplanetary mills is more energy-efficient than that by the ball mills and the vibratory mills. In addition, due to the Mineral composition
58-67 8-15 10-12 10.5-12.5 joint action of shock, centrifugal shock, and abrasive forces, it becomes possible to achieve more highly disperse powders [26] [27] [28] [29] .
The reliability of results is provided by a systematic study with standard tools and methods for measuring, the mix of modern physical and chemical methods of analysis, X-ray diffraction and DTA, electron microscopy, and a sufficient amount of raw data and research results. The tasks of the scientific work were accomplished by implementing a systematic approach in the triad "composition (raw materials), structure, and properties" [30] [31] [32] . The studies were conducted with use of conventional physical-mechanical and physical-chemical methods of quality assessment of raw materials and synthesized materials as well as finished products.
The fly ashes of largest thermal power plants (TPPs) of Russia (Vladivostok TPP (Figure 2 ), Artem TPP, Primorye TPP, and Partizansk TPP) were used as components of composite binders. The important factor is the possibility of dry ash selection, which is currently realized for these TPPs.
Taking into consideration the fact that the focus of the paper is the development and use of environmentally friendly materials, the ashes' radioactivity has been evaluated (Table 3) .
Thermal studies of the ash showed that, in the range of low temperatures, physically bound water is removed from it. Exothermic effect with the maximum at about 400 ∘ C indicates burnout of organic substances and endotherm effect at 712 ∘ C indicates dissociation of calcite to CaO and CO 2 , which was confirmed by X-ray diffraction data ( Figure 3) .
Optimization of structure formation processes at hydration of the composite binder components creates the matrix dense structure which is necessary for creating increased impermeability composites. This can be realized by cogrinding of the Portland cement and the polyfunctional mineral admixtures and by reducing the concrete mix water-cement ratio through use of superplasticizers.
To reduce the water demand of concrete mix, the superplasticizers were used. They were selected of six most common construction material markets in the Far East. Cement paste shrinkage was measured by Hagerman cone. The Spassky cement CEM I 42.5N was used as grout. Watercement ratio was 0.3. Plasticizer dosage was 0.3%. Time of measurement of shrinkage cone is recorded after the end of the cement paste mixing.
Achievement of high values of shrinkage cone is marked in the raw mix of binder and superplasticizer PANTARHIT PC160 Plv (Table 4) . Di erential thermal analysis ermogravimetry The raw components were milled and mixed in various proportions (OPC 30-100%, FA 0-50%, LCW 0-20%, and superplasticizer 0.3%) in a varioplanetary mill for one hour.
The materials mixing was carried out using cyclic and continuous flow dispensers with automatic control with a maximum weighing cycle duration of 45-90 s, with a weighing accuracy of 1-3%. All raw materials were dosed by mass, with the exception of water and liquid additives (if any) dosed by volume. In our research, there were no liquid additives. Water was added at the last stage, during the mortar preparation.
The control samples were made from a composite paste without addition of sand and fiber. Number of specimens was fabricated to determine the optimum composition of the binder.
The flowability of the concrete mix was evaluated using Hagerman cone molded from a concrete mix. Water-binder ratio was 0.3. The inverted cone was filled with a freshly prepared concrete mix without sealing. 90 seconds after filling, the cone rose upward. Immediately the stopwatch was turned on. As the mixture reached a diameter of 500 mm and also after the spreading process was completed, the time was fixed. After the flow was completed, the maximum diameter of the spread of the concrete mix was determined.
The compressive strength and the modulus of elasticity of the specimens were researched on 70 mm cubes at the 28th day; however, 100 × 100 × 500 mm prisms were prepared for four-point bending to obtain flexural strength of the Advances in Materials Science and Engineering The porosity of the hardened specimens was determined on 1 × 1 × 3 cm and 3 × 3 × 3 cm specimens. The structure of the cement stone was investigated at the age of 28 days. X-ray phase analysis determined the degree of cement hydration and the content of low-base calcium hydrosilicates, CSH (I). The phases were identified by the international JCPDS table. The degree of hydration was determined from the intensity of the main C 3 S reflex. The amount of CSH (I) was established by comparing the intensity of the main -CS reflex obtained on samples of hardened cement sintered at 1000 ∘ C with a standard sample (quartz).
Experimental Part
Seven binder composites were developed for further research (Table 5 ). Superplasticizer PANTARHIT PC160 Plv at quantity 0.3% was added to each of them. The binder : sand ratio is 1 to 3. To determine the optimal dosage of components in the "cement-limestone-ash" system, it was necessary to grind them to specific surface of 600 m 2 /kg at various ratios. According to Table 5 , positive dynamics of strength growth of the composite binder under the joint influence of the ash fine constituents, limestone crushing wastes, and superplasticizer with maximum increase in the activity of the binder at 62% were found. This is due to the fact that active mineral components of the composite binder contribute to the binding of Ca(OH) 2 produced during cement hydration, which results in formation of additional amount of hydrosilicate neoplasms. At the same time, optimizing the process of structure formation is achieved by composite polydispersed components. Highly dispersed spherical ash particles act as crystallization centers 6 Advances in Materials Science and Engineering Note. The prototype is number 1 (without final grinding); compositions numbers 2-8 are ground to sp = 600 m 2 /kg. Table 5 ).
and are used as filler at the nano-and microlevels. In conjunction with the larger particles of the mineral component, denser filling of intergranular spaces is noted in concrete cement stone structure with reduction in number of pores and microcracks. This is confirmed by micrographs of composite cement paste derived by joint grinding of clinker and industrial wastes of the Russian Far Eastern region. Cement stone structure is very dense packing of small grains in the crystalline neoplasms total mass (Figure 7) . The additional amount of hydrated crystalline phases contributes to filling of the voids at the microlevel in the crystalline matrix of calcium hydrosilicates at the boundary of the contact area, increasing adhesion degree of binder with filler.
In order to determine the optimum particle size, the Portland cement, the superplasticizer, the ashes, and the limestone were ground (dosage according to composite number 7 of Table 5 ) to different specific surface area ( sp ): 500, 550, 600, 700, 800, and 900 m 2 /kg (Table 6 ).
According to Table 6 , the 550-600 m 2 /kg specific surface area ( sp ) of binder is optimal. Increasing sp above these values does not lead to further significant increase in strength. Reduction of start setting time of binder to 35-40 minutes by intensifying the hydration process under the influence of highly active components of the composite [17] [18] [19] should be noted.
Thus, the optimum parameters chosen for binder composition are specific surface area of 550 m 2 /kg, the particle size of 0.15-500 microns, and average particle diameter of the grains of 0.65-11.2 mm [33, 34] .
The most important task in creating HDIC is the rational formation and optimization of the pore space structure [35, 36] . In general, the overall reduction in porosity of compositions modified by the technogenic waste more than 2 times (from 16.3% to 8%) should be noted. Fluctuations of different diameter pores which depend on nature of their formation should also be noted ( Table 7) . Existence of a large quantity of hydrosilicate connections is confirmed by decreasing of the gel pores in crystalline bunch in conjunction with modified composites on molecular level with porosity maximum reduction more than 5 times [37, 38] . Although the maximum strength is 77.3 MPa in the optimal composition of binder (by grinding to specific area of 550 m 2 /kg), the gel porosity of the composite fell almost in 2 times. In this case, high strength is influenced by the complex actions: reduction of capillary porosity due to the intensification of the processes of growth of primary crystals of hydrosilicate phases [39, 40] , due to possible formation of secondary recrystallization and crystals creation, due to filling the space at the micro-and submicrolevels of structural organization composite with them, and in conjunction with reduction technological porosity on 17% due to the formation of dense packing of the grain structure at the macrolevel, with the participation of spherical fine components of fly ash and limestone crushing wastes.
Denser structure of the binder composition with lower porosity is confirmed by microstructural studies. In phase of the modified binder formation, the amount of gel-like hydrate new formation increases on the surface of the filler particles (Figure 8(b) ), there are no visible portlandite crystals, and it shows a decline of its share in the total mass of ligament hydrosilicate [41, 42] .
By varying the percentage of added ash, it is possible to control number and size of ettringite crystals, which further define the properties of composite binder and concrete [43, 44] . The carbonates also have close contacts with cement stone, which is explained by the emergence of bonds between the cement hydration products and limestone [45, 46] . Growth of crystals of "needle-like" and "stem-like," low-basic hydrosilicates is observed [47, 48] ; there are also plate-like calcium crystals, allegedly hydrocarboaluminates (Figure 8(b) ), in the structure of the modified binder. Synthesis of these compounds is the result of interaction during hydration of clinker minerals Ca(OH) 2 with active mineral ingredients of ash and limestone [49, 50] . Growth of needleshaped crystals contributes to reinforcement of the composite 8 Advances in Materials Science and Engineering structure on nano-and microlevels, reduction of porosity, and improvement of the composite complex strength [51, 52] .
The greatest effect [53] [54] [55] is achieved through the synergistic impact of man-made pozzolanic additives (fly ash) and sedimentary-origin natural materials (limestone) at the content of OPC, 55 wt.%; LCW, 5 wt.%; and FA, 40 wt.%.
In this proportion, the composite material reaches the compressive strength of 77.3 MPa (by grinding to sp = 550 m 2 /kg), at 45% replacement of cement with industrial waste. Thus, the effect of "cement, fly ash, and limestone" composite binder obtained by cogrinding with superplasticizer in the varioplanetary mill to structure formation process is determined. Ground active mineral supplements are the crystallization centers of neoplasms. Ash nanoparticles contribute to the binding of Ca(OH) 2 , produced during the hydration of clinker minerals, intensifying binder hydration with forming needle-shaped crystals of low-basic hydrosilicate. Existence of the fine grains of limestone leads to forming hydrocarboaluminates. Implementation of the fiberreinforced concrete potential is only possible by creating the material optimal structure, formation of which is determined by the following basic parameters: type and quality of raw materials, technology and preparation of concrete mixes, and quantitative relation between the components of fiberreinforced concrete mixture.
Results and Discussions
Study of physical-mechanical properties of fine-grained concrete showed that use of the composite binder obtained by cogrinding of Portland cement, fly ash, limestone powder, and superplasticizer allowed increasing the compressive strength of fine concrete by 21%, while reducing almost in 2 times the proportion of cement. Prism strength and elastic modulus in the researched concrete types are significantly higher than in control samples (Table 8) .
To optimize the fine-grained concrete structure forming on the macrolevel, steel fiber was used.
Taking into consideration previous studies [17] [18] [19] , composition number 3 was adopted for the prototype (Table 8) , to which fiber in an amount of 24 to 45 kg/m 3 , that is, 2% of the total weight of the mixture in increments of 0.2%, was added. It was found that the structure optimization at the macrolevel improves the compressive strength by 24% ( Table 9) .
Addition of the domestically produced basalt fiber instead of the steel anchor fiber has not led to substantial improvement of physical and mechanical properties of concrete, so, for further investigations, fiber-reinforced concrete number 5 (1.6% reinforcement) is taken.
On basis of the research, it was revealed that the addition of the fly ash and the limestone waste to the composite binder promotes structural and phase changes in the formation of high-density composite impermeable structures.
The fine-grained fiber-reinforced types of concrete on the developed composite binder compositions number 2 and number 3 (Table 10) , which achieve compressive strength of 100.2-100.9 MPa with the diffusion coefficient of 1.34 ⋅
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−4 -1.39 ⋅ 10 −4 cm 2 /s, have the best physical and mechanical properties (Table 11) .
It is revealed that, for fine-grained structure of concrete, in addition to high homogeneity, it is also characteristic to reduce specific stresses in the contact zone and increase the integral adhesion force between the cement stone and aggregate. The structure-forming role of the fine aggregate is most evident with an increase in the interaction surface; these conditions are realized in fine-grained types of concrete with the use of screening of granite crushed stone on the basis of composite astringents which, due to the highly developed surface, allow intensifying the processes of structure formation and accelerating the strength of concrete and also consolidating the structure.
As can be seen from the test results (Tables 10 and  11 ), composite binder of cement, fly ash from thermal power plants, and limestone at all dosages reduces the water permeability and air permeability of concrete. Thus, there is a clearly defined relationship between the properties of concrete and the features of the structure of cement stone: increasing the number of low-basic calcium hydrosilicates as well as increasing gel content and, correspondingly, reducing capillary porosity, especially at the submicroscopic level, predetermine the increase in strength and decrease in the permeability of concrete.
The maximum decrease in impermeability parameters was found in composition number 2 with the replacement of the proportion of cement in the binder mixture by 45% with the technogenic waste (FA and LCW). The air permeability of concrete decreased by 2 times (to 0.0253 cm 3 /s), which according to GOST 12730.5 (Russian regulatory requirements) corresponds to mark W14 on permeability. The fiber-reinforced concrete's dense structure provides humidity resistance and reduces water absorption by volume in almost 2.5 times. These patterns are reflected in the water vapor permeability characteristics, which reaches the limit of 0.021 mg/(m⋅h⋅Pa) in the humid climate. The concrete's diffusion permeability was determined on the basis of data on the concrete neutralization rate (carbonation) by carbon dioxide in the absence of gradient of common air-gas pressure at the difference between the concentration of carbon dioxide in the concrete and that in environment at the time when the neutralization process is limited by the speed of carbon dioxide diffusion into the concrete porous structure. The experimental procedure is intended for use in the technology development and the designing of concrete compositions that provide long-term maintenance-free operation in the construction in nonaggressive and aggressive gas-air environment.
When evaluating the diffusive permeability, the average value of neutralized concrete layer thickness was found for all developed compounds. It was found that the developed concrete has an effective diffusion coefficient of = 1.34 ⋅ 10 −4 cm 2 /s.
Thus, the clear link between the concrete properties and characteristics of the cement stone structure (the increase in the number of hydrosilicate neoplasms) at the complex reducing of gel and capillary porosity is revealed, which Advances in Materials Science and Engineering 9 is especially observed at the molecular and submicroscopic levels determining the growth of strength and increase of concrete impermeability. The approbation of theoretical and experimental studies is carried out on the example of monolithic fiber-reinforced concrete walls with permanent formwork developed by Fediuk et al. [18, 25, 56] . The thermal resistance of wall is = 4,223 (m 2 ⋅ ∘ C)/W; the vapor permeability coefficient is = 0,021 mg/(m⋅h⋅Pa). The fiber-reinforced types of concrete developed on basis of the composite binder can be used in the construction of high-rise buildings [57] .
The technological circuit production of the high-density fiber-reinforced concrete is developed. It comprises the following steps: cogrinding of Portland cement, fly ash, and limestone crushing waste; two-stage mixing with the filler and the fiber; filling of formwork; and mechanical compaction of the concrete mix. This production line can be implemented in cement plants in different regions.
Thus, the possibility of reducing permeability of fiberreinforced concrete by varying the amount and type of additives and fineness and taking into account the conditions of curing is studied. It allows creating materials for multilayer load-bearing structures with a compressive strength of 100 MPa, with low permeability under actual operating conditions. Implementation of the research results will help to improve the environmental situation of regions, as fiberreinforced concrete comprises 50-60% of industrial waste.
Conclusion
Positive dynamics of strength growth of the composite binder under the joint influence of the ash fine constituents, limestone crushing wastes, and superplasticizer with maximum increase in the activity of the binder at 62% were found. This is due to the fact that active mineral components of the composite binder contribute to the binding of Ca(OH) 2 produced during cement hydration, which results in formation of additional amount of hydrosilicate neoplasms. The overall reduction in porosity of compositions modified by the technogenic waste more than 2 times (from 16.3% to 8%) should be noted.
High strength is influenced by the complex actions:
(i) Reduction of capillary porosity due to the intensification of the processes of growth of primary crystals of hydrosilicate phases
(ii) Possible formation of secondary recrystallization and crystals creation (iii) Filling the space at the micro-and submicrolevels of structural organization composite with them and in conjunction with reduction technological porosity on 17%
(iv) The formation of dense packing of the grain structure at the macrolevel, with the participation of spherical fine components of fly ash and limestone crushing wastes
The greatest effect is achieved through the synergistic impact of man-made pozzolanic additives (fly ash) and sedimentary-origin natural materials (limestone) at the content of OPC, 55 wt.%; LCW, 5 wt.%; and FA, 40 wt.%.
The fine-grained fiber-reinforced types of concrete on the developed composite binder, which achieve compressive strength of 100.2-100.9 MPa with the diffusion coefficient of 1.34 ⋅ 10 −4 -1.39 ⋅ 10 −4 cm 2 /s, have the best physical and mechanical properties. As can be seen from the test results, composite binder of cement, fly ash from thermal power plants, and limestone at all dosages reduces the water permeability and air permeability of concrete.
